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® Plasma processing reactor and process for plasma etching. 

fvHiS^'l^'^^ "^^^ uses a device such as an antenna (30) driven by RF energy (LF MF 
^J^^^ ^"tZ^^:^ the reactor dome (17). The antenna U) gener'aLl a h^h 

^Sy t^trir^^ "^"^ ^ semiconductor matenaTs. 

Z 1^ to the wafer support cathode (32C) controls the cathode sheath voltage and 

^^u^arrdi:^^"^^ "^'^ 

^ ^S^' aiong with etch pnxesses, deposition processes and combined etch/deposition 
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1 PI6L0 OF THE INVENTICN 

present invention relates tn rp r^^^^^ ^ 
plasma tchmg. ° '^'^ P'oc«S'"9 'eacicrs or apparatuses ano a process :or 

5 

2. OESCBIPTION.OF THE HgUTED TEt^MNni nr.v . 
Systerris 

Consider firsi prior art semiconductor processing systems surh rvr> , . 
and n.e (reactive -on etching) reactor systems These svs.TL -^eoosmon, 
frequences from about lO-SOO KHz uo lo h^L ?!!f ^ ' "'^^ "e^^ency energy at low 

MH. ions and e^trons c^p^ ZZ::.7Z sr:^.™ anTp^ '^'^^ ' 

f.eid developed ,n the p.asma. At such relatively low frequences he e^i,^ I ' 
.he wafers typically is up ,o one or more kilovpHs pe^T^cTJ ' T^T "^'''^^ ^' 

0/ 200-300 volts. Atx>ve several MHz. electrons^ strap e to T' "^'"^^^ '"'^^'^"^ 

massive ions are not able to follow the ch^^g fl"d Pu ^act L " l h' T"?'"' ''''' 
this frequency range (and at practical oas Df«L«< IT "^ady state electric fields, in 

me range of severj hLdrecl Tt?t?S)^.t,T^^e "^"^ ««^<^V state sheath voltages are ,n 
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increases the 

. compa^son. an «en,plani.^;JS^% f By way of 

applied at 13^ MHz. an asymmetrical svaam^n^Tc ^ ""9^* «"«'9y 

pressure and an anoS J!^ '"^ <50 """"or^ 

water (cathcxle) shealt, vo<^<ilSjSlJlS^r'7^^ of approximately (8-10) to l. and devetop 

vets. wt,ite increasing .he etct, ^ J^S^tS^^I^Tso J^^*^ "'"^ ^ ^ 

and^rS:;:2ld'S^d^'^ Paraftel to water devetop, an e x 8 ion/etectron drift 

•neefiankaimov^nertofpamianerrtmaonett orbv3 ^''P**^^ 
quadrature. 80 degrees «nf3»ir!r^^l^IL'?^ coils whW, are driven in 

react, .y-^s^rr:^ t:::^^'^'^: 

Cheng et aL ^ *^e83. issued June 27. 1988. in the name of inventors 
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Mi crowave/ECR Systems 

Microwave and m.crowave ECR (electroncylotron resonance) systems use microwave energy cf 
(reauences >800 MHz ano. tyccady. frequences of 2.45 Gh: to excite me plasma Th.s tecnmoue 

5 produces a n.gn aens.ty plasma, but tow panicle energies wmch may be beiow me minimum reaction 
thresnotd energy lor many processes, such as the reactive .on etchif>g of silicon diox.de. To compensate, 
energy-enhancng low frequency eiectncai power is coupled to the wafer support electrode and mrougn me 
wafer to the piasma. Thus, tne probaD-i.ty of wafer damage is decreased re.anve to prev-ous systems 

Microwave and microwave ECR systems operated at practical power levcs !cr semiconc-.c-c -a<- 

,0 processing sucn as etch or CVO require large waveguide tor power transmission ana e.oensive xrers. 
airectionat couplers, circulators, and dummy loads lor operation. Additionally, to sansiy :-e E--^ '-^^'l;^:" 
for microwave ECR systems operated at the commercally available 2 45 GHz. a magnetic '.e.d :< 8-5 
gauss IS necessitated, requiring large electromagnets, large power and cooimg requirements 

Microwave and microwave ECR systems are not readily scalable. Hardware is avaiiacie for 2 45 -.r-.: 

5 because this frequency .s used lor microwave ovens. 9iS MHz systems are also avanao-e a.tncc^n =; 
higher cost Hardware is not readily or economically available for other frequences. As a consequence 0 
scale a 5-6 m microwave system upward to accommodate larger semi-conductor wafers requires, the use o. 
higher modes of operation. This scaling at a fixed frequency by operating at Higher modes requires .ery 
iiqnt process control to avoid so-called mode flipping to higner or lower order loads and resulting process 

,c Changes Alternatively, scaling can be accomplished, for example, for a 5-6 m. microwave cav„y. by us.ng a 
diverging magnetic field to spread out the plasma flux over a larger area. This method reduces eHective 
power density and thus plasma density 

HF Tra nsmission Line System 

European patent applications 91112905.4 and 91 11291 7.5 are incorporated by reference, in trese 
references are disclosed a high frequency VHF/UHF reactor system in which tt>e reactor chamber :tse« s 
configured in pan as a transmission line structure for applying high frequency plasma generating energy tp 
the Chamber from a matching a network. The unique integral transmission line structure permits satisfaction 

M of the requirements of a very short transmission line between ttie matching network and the toad ana 
permits the use of relatively high frequencies. 50 to 800 MHz. It enables the efficient, controiiace 
application of RE plasma generating energy to the plasma electrodes for generating commercially 
acceptable etch and deposition rates at relatively low ion energies and low sheatti voltages. The reianveiy 
tow voltages reduce the probability of damage to electrically sensitive smaB geometry semiconduaor 

3S devices. The VHF/UHF system avoids various other prior art shortcomings, such as the above^escnbed 
scalability and power limitationa. " . 

An otsject of the present inventioo is to propose further improved RF plasma pnxessmg systems. Th., 
object is solved by the RF piasma process apparatuses of any one of the independent clajms 1. 2, 3. 4 5 
6 9 and 1 1 and the process of independent claim 20. Further advantageous features, aspects and details oi 

40 the invention are evident from the dependent claims, the descnjjtioo. examples and the drawings T^e 
claims are intended to be understood as a first non-Smiting approach of defining the invention in genera. 

terms. ^ . _ 

The invention provides plasma reactor which uses a radio frequency (RF) energy source and a muttic* 
coil antenna for inAictlvely coupling the associated RF electromagnetic wave to the plasma. 

46 In one aspect the invention which overcomes prior art shortcomings is embodied in the construoon 
and operation of an RF piasma processing system comprising a vacuum chamber having » source regKX^ 
and a processing region; means for inductively coupling RE electromagnetic energy mto the proce«*r^ 
chamber for generating a piasma witWn the chamber to fabckato an artide such as a semiconductor -efer 
positioned, for eampte. at the coupling means or downstTBam relatlye to the 

60 arrangemert comprising an RF cathode •« the procMSlng region, an anode defined by the chi^ 

and a sou«» region eiecttode wWch is electrically ftoaflng. grounded or connected to RF baa. -or 
enhancing plasma prtxasslng. The constnidkjn of the source region eiecttode andfcr the chamber •eds 
defining the source region may Include silcon for enhancing processes such as oxide etching. 

Preferably. LF/VHF (low frequency to very high frequency) RF power within the range 100 KHz tc ^00 

66 MHz is used. More preferably. U^/HFpoirer within the range 100 l«2 to to MHz is used Most prete^ 
MF (medium frequency) power is used within the range 300 KHz to 3 MHz. Preferebly. the coupling m«^ 
is a multiple turn. cyUndrical coll antenna of uncoiled electrical length < >^ where X is the wavek^ 
high frequency RF excitation energy applied to the coH antenna during plasma operabon. 
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The invention also provides means connected to tne antenna for tuning the antenna io rescr^r:.- 
w6« as load rueans connected to the antenna to match the input impedance of the source to tr.e cutcu' 
impedance of the means for supplying RF energy for th antenna. The tuning means may be a vanace 
capacitance elecuically connected between one end of the antenna and RF ground. The load means may 
be a variabi capacitance electrically connected between the other end of the antenna coil and PF grcurc 
RF energy may be applied via a tap at a seieaed location along the coil antenna. 

In another aspect the system includes a dielectnc dome or cylinder which defines the source region 
Preferably, the coil antenna surrounas the dome for inductively coupling the high frequency eiecircrragrehc 
energy into the chamber. The anicie which is fabricated can be located within the source re^:on or come 
within or closely adjacent the volume or the bonom turn of the antenna, or preferably, cownstream :f r^^ 
antenna. 

The invention also provides means for supplying gas to the chamber which comprises a gas n.et y. 
top of the dome, a first ring mamfofO at the base of the dome source region, and a seconc r^r.q -ar.f.: - 
surrounding at the wafer suppon electrode, for selectively supplying processing oiluent. cassivci.r- .r^: 
other gases to the chamber. 

In yet another aspect, an AC power supply and control system capacitiveiy couples AC t.as ccw^r 
typically of the same or similar frequency as the source coil power, to a wafer suppon cathode, tnerecy 
effecting control of the cathode sheath voltage and ion energy, independent of the plasma density ccntrcj 
effected by the source radio frequency power. The system provides bias frequency selected lo acn.eve a 
number of obiectives. First, the upper frequency limit is selected to prevent "current-.nduced- oamage la 
too high frequency can cause charge-up damage to sensitive devices.) The tower frequency nm.i s 
selected m pan to preclude "voltage-induced" damage. Lower frequency bias also y.eios higner ^afe'r 
sheam voltages per unit bias power (less heating of substrates) and contributes less to plasma density ana 
thus affords better independent control of ion density and energy. However, a too low bias frequency allows 
ions to follow the RF component of the wafer sheath electric field, thereby modulating ion energies. The 
result is a higher peak-to-average energy ratio and wider (double peak) ion energy distribution. Very iow 
bias frequency causes insulator charge-up. inhibiting ion-induced processes dunng part of the bias 
frequency period. Conveniently, the preferred frequency ranges for satisfying the above cons^ceraiions 
correspond to the source frequency ranges. That is. preferably LF/VHF (low frequency lo very h.gn 
frequency) power within the range 100 KHz to 100 MHz is used. More preferably, LF/HF power w.thm the 
range lOO KHz to 10 MHz is used. Most preferably. MF (medium frequency) power is used within the ranae 
300 KHz to 3 MHz: 

The invention further provides control means for cydically pulsing the DC bias voltage between low and 
high values selected, respectively, to form a passivation coating on a first selected material on the wafer for 
providing a relatively low etch rate of that material and for selectively etching a second selected material at 
a relatively high rate and selectivity. 

In another aspect the chamber is evacuated by a first vactmm pump means connected to the chamber 
proper and a second vacuum pomp means connected to the dome for establishing a vertical pressure 
differential across the dome for establishing a flow of neutral particles out of the dome.'and wherein the 
voltage at the wafer support electrode is sufficient to overcome the pressure differential so that charged 
particles flow toward the chamber proper. 

Other aspects indude a conductive, Faraday shiekj of different configurations which is interposed 
between the coil antenna or other coupling means and the chamtw to prevent coupling of the elecmc field 
^J^f^^ ^ ^ frequency electromagnetic energy into the chamber. Also, a high frequency reflector 
positkjnad surroundino the coil or other coupling means ooncentrates radiation of the high frequency energy 
into the chamber. ^ , 

Magnetic enhancement is supplied by peripheral pemnanent a electromagnet arrangements which 
apply a controlled static magnetic fiekj paraJM to the axis of the antenna, selected from wtfom, diverging 
and magnetic mirror configurationa, for oontroOino the locaotton of and the transport of the piasma 
downstream relative to the wafer. Also, magnets may be mounted around the source and^or the cham ber for 
applying a multipolar cusp field to the chamber in the vicinity of the wafer for confining the plasma to the 
wafer region while substantially elimtnating the magnetic field across the wafer. In additton. a magnetic 
shunt may be positioned surroundino the wafer and the wafer support electrode for diveding any magnetic 
field from the wafer support electrode. 

The system constnjction pennits scaling of its size by selecting the frequency of operation wnile 
retaining low mode operstksn. 

m other, process aspects, ttie invention is embodied in a process for generating a plasma, composing 
providino a vacuum ctiamber having soun:e and process regions; supporting an article on an electrode in 
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me process region; supply.ng processmg gas to me cnamoer; usmg a cyi.ndr.cal CO.. an.er.na ... t.o. rar 
oTe coil tum having an e.ectf.ca. .engm < v/4 where.n . .s me v^avel ngth o. RF energy acoueo -c :he 
Tenna inductively coop.ir>g RF energy .nto the source reg.on lor generating a plasma to .aonca.e one or 
;?o^ Lenals on me art,c.e; and capactiveiy coupling OF energy into tt^e cnamOer v,a .he suooon 
aiectrooe »or controlling sneam voltage at me support electrode. 

The process also may encompass automatically and rteratively tuning me antenna to resonance ano 
loadino me .nput impedance mereof to me impedance of me RF energy supply lor me antenna. 

In anoft^er aspect, the process tor generating a plasma comprises prov.o.ng a vacuum chamcer navrg 
source and process regions, and having walls, an electrode m me process region and an eiec:roce .n tre 
source reg.on: connecting me electrode .n the process region, the walls o( the chamoer arc .curce 
electrode electrically, w.m the process region electrode Oemg me cathode, tne wans oemq ;ne ^'oce arc 
the electrical connection o« the source electrode be-ng selected Irom ground. Hoat.ng and RF or oC Das. 
supDoning an amde on the electrode m the process region: supoiy.ng P'<^«^'"9 ° ''"-Cpp 
using a cyi.noncal co.l antenna d one or more co.l turns and having an electrical length < .V4 -ere .re 
wavelength o. RF energy appi-ed to the antenna, .nduct.ve.y coupling RF energy mto the '^-J;^" ; 

generating a plasma to fabricate one or more- materials on the article: and caoact.veiy coupung RF ,r.er,, 
Tnto the chamoer v.a me support electrode for controlling sheam voltage at me suoport electrode. 

At least one of the source electrode and the chamber wall in the source region may be or- contain 
silicon and the source electrode may be RF biased, lor freeing the silicon into the plasma to enhance the 

'Tn'another aspect, the antenna power and the bias power delivered to the electrode are controlled lor 
selectively effecting anisotropic, semi^anisotropic and isotrop-c etching. 

An aspect of the process encompasses etching silicon oxide m the presence of silicon, the use of 
silicon enhancement, and/or the use of additives such as CO and CO. for selectivity and etch oron^ 
enhancement. The process encompasses cyclically driving me bias voltage to a low value selected tojorm 
an etch suppressing layer on me silicon and to a high value to etch the silicon ox.de at a high rate relative 

'° '"The'priS^ess according to a furmer aspect also provides sputter deposition of silicon oxide and tne 
process of first, applying relatively tov* level RF power to the support electrode for depositing silicon oxide, 
and. second, applying relatively high level RF power to the support electrode for net soutter face. 

depositing silicon oxide and planarizing the silicon oxide. 

Specific process aspects include but are not limited to etching oxide, including etching contact holes m 
oxide formed over polysilicoo (polycrystalllne siHcon) and etching via holes in oxide fomied over aluminum: 
$<«alled -light- etching of silicon oxide and polysilicon: high rate isotropic and anisotropic ox.de etching: 
etching polysilicon conductors such as gates; photoresist stripping: anisotropic etching of s'ngie crys^l 
siiicoTK ^isotropic photorwist etching: tow pressure plasma deposHion o( nitnda and oxynrtnde: high 
pressure isotropic conformal deposition of oxide, oxynitride and nitride; etching metals, such as aluminum 
and titanium, and compounds and alloys thereof: and sputter facet deposition, locally and globally, and with 
planaruation. 

Brief Description of the Drawings 

RGUReS 1-3 are simplified sectional views o< a plasma reactor chamber in accordance w,m the 

RGs!*ti are schematic diagrams of tuning drcuita for matching the impedance of a power generator 

with the impedance of a plasma load: ^ ^ , ^ 

nC. 10 is a graph showing how etch rates lor silicon and silicon dioxide vary with mcrsasing dc b.as 

voltage in a plasma etching process: 

RoVi is a graph showing the wavefom, of a dc Was voltage In accordance wrih one «P«^«»«; 
inventkjn. wherein the was voltage ta periodkaily pulsed from a h^ 

R^Ti 2 Is a graph showing the waveform of a dc t)laa voltage In accordance wW^ 

Invention, wherein the bias voltage Is varied about an average value at a •^f™ 

amplitudes of the excursions of bias voltage are varied In aocofdance w«h a second frequency, lower 

than the first: ^ 

FV3. 13 is a diagrammatic view of the plasma processing chamber, showing an anangement of magnets 

for enhancement o( plasma density an unWofinlty: ^ 

RQS. 14A.140 a« diagrams showing how an axial fi«gnetlc fWd may be shaped with respect to a w^ 
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Ceing processed, to ennance processing; and 

FIGS. ISA and ISB are fragmentary diagrams depicting two aJtemative Faraday snieio siructures ;cr 
reducing a st ady state electrostatic field coupling to the plasma m the chamber: and 
FIG. 16 is block diagram of an illustrative system for controlling the various components of plasma 
reactor of the invention. 

Detailed Description of the Preferred Embodim ent(s ) 
I OVERVIEW 



FIGS. 1-3 are schematic sectional views of a plasma reactor chamber system lO 'or prccessmg 3 r^'-.i- 
conductor wafer 5 wnich uses an" .nductive plasma source arrangement, a magnetically -5nrancea css.-.a 
source arrangement, a capacitively coupled bias arrangement and other aspects of the cresem r.ver.i 
The three figures illustrate preferred and alternative features of the system; three ligures are jteo 
of drawing space limitations. The exemplary chamber is a modification of that depicted m the accve- 
mentioned co-pending incorporated patent applications, which include an integral transmission .r^e sulc- 
lure. The salient features of the invention are applicable generally to plasma reactor chambers Funrermore. 
It will be understood by those of skill m the art and from the description below that various leatures of the 
invention which cooperatively enhance the pertorrnance of the reactor system may be used seoaraieiy or 
may be selectively ommed from the system. For example, the process conditions provided Dy the mduciive 
plasma source arrangement and capacitively coupled bias source arrangement frequently eiimirate any 
need for magnetic enhancement. 

The exemplary system 10 includes a vacuum chamber housing 11, formed of anooized aluminum or 
other suitable material, having sidewalls i2 and top and bottom walls 13 and 14. Anodized aluminum is 
preferred because it suppresses arcing and sputtering. However, other materials such as bare aluminum 
with or Without a process-compatible liner of polymer or quartz or ceramic can be used. Top wall 1 3 has a 
central opening 15 between a lower chamber wafer processing section 168 defined between walls i2-i2 
and an upper chamber source section 16A defined by a dome 17, The dome may be configured as an 
inverted single- or double-walled cup which is formed of dielectric materiaJ such as. preferably, quartz or 
several other dielectric materials, including alumina and alpha-alumina (sapphire). In the preferred* arrange- 
ment shown in FIG. 1. the dome 17 comprises a cylindrical wall 17W of dielectric such as quaru and a 
cover or top 17T typically of aluminum or anodlzed aluminum. For processes such as high selectivity oxide 
etching, a silicon or silicon-containing top wall means, and silicon covered dpme sidewalls are preferred. 

As shown in FIG. 1. the evacuation of the interior of the chamber housing 1 1 (chamber 16) is controlled 
by a throttle valve 18 (which regulates pressure independent of flow rate) in a vacuum Une 19 which is 
connected to the bottom wall 14 and connects to a vacuum pumping system 21 comprising one or more 
vacuum pumps. 

As described in Section 10. the chamber components, induding the chamber walls ind dome, can be 
heated and/or cooled for process periormance. For example, the dome can be heated or cooled by a liquid 
or gas heat transfer medium, or heating elements can be used to. heat the dome directly. 

As described in Section 2 and depicted in RQ. Z process gases, purge gases, diluents, etc.. can be 
supplied to the chamber by three manifold injection sources, G1. 62, 03, located, respectively, at the base 
of the source (dome), the top piate 17T of the source, and peripheral to the wafer. The gases are supplied 
to the chamber 11. for example, typically from one or more sources of pressurized gas via a computer- 
controlled flow controller (not shown). At the rfiain gas inlet manifold Q1. the gases enter the internal 
vacuum processing chamber 16, as indicated at 22, through a quartz ring SI gas manifold 52, which is 
mounted on the Inside of or integral with, top watt 13. The manifSold 52 preferably supplies etching gas 
and/or deposition gas at a slight upward angle to the chambers/chamber sections 168 and 16A for 
developing an etching andAx deposition plasma upon application of RF energy. A top manifold arrangement 
62 In the top plate 17T of the dome 17 may be used to Met rsadant tad other gases into the chamber 16, 
Aiso. a manifold arrangement 03 may be provided which ie peripheral to the wafer to stpply reactant and 
other gases- 

RF energy is supplied to the dome by a source com p ris i ng an antenna 30 of at least one turn or coil 
which is powered by an RF supply and matching networ1( 31. The antenna 30 preferably has a multiple turn 
cyttndricai configuration. The coil 30 defines a minimum conductor eiectricaJ length at a given frequency 
and a given 8oun:« (coil) diameter and preferably has an electrical length leaa than one^quarter wavelength 
(<V4) at the operating frequency. By rtself, the antenna 30 la not a reeonator but is tuned to resonance as 
described below in Section 5 lor efficient Inductive coupling with the plasma source by Faraday's law of 
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mductiv coupling. ^ , . ^ 

Pre« raDly. the gas (low from the chamtjer source section i6A is downward toward ttie wafer S and :s 
then purnoed radially outward from the wafer. To this end. an annular vacuum manifold 33 may be defined 
aocut cathode transmission line stmcture 32. between chamber wall »2 on one side and the cuter 

5 transmission iine"conductor 320 on the other, and between the chamber bottom wall 14 on the bottom ana a 
conductive pumping screen 29 on the top. The manifold screen 29 .s interposed between the vacuum 
manifold 33 and the water processing chamber i6B and provides a conductive electncal path between 
rnamoer walls )2 and me outer conductor 320 of the transmission line structure 32. The mar.iold 33 
defines an annular pumpng channel tor implementing unifomi radial pumping of exhaust gases trcm she 

0 penpnery of wafer 5 The exhaust manifold 33 communicates mto the exhaust gas system une i9 T'>e 
now IS along paths 22 from manifold Gl mto the dome/source and/or along path 24 from man.lcc -^2 t.ic 
the dome/source and/or along paths 26 from manifold G3 radially mward toward the wafer 5 Tre overa,i 
gas now IS along path 34 from the upper chamber source section i6A towaro wafer 5. aiong path -6 'rem 
the water and through screen 29 mto the gas outlet manifold 33. and along path 37 from -r.e exnacst 

•5 manifold 33 to the exhaust system 2i it snould be noted that the conductive manifold screen 29 anc tre 
cathode transmission line structure are optional. Typically, at the low end of the frequences of .nteres;. Te 
wavelength is very long and.- thus, the transmission line structure is unnecessary. 

This contrasts with conventional RF system arrangements, in which the RF power is applied between 
two electrodes typicaiiy the wafer support electrode. 32C. the upper surface of which suppons wafer 5 and 

-.0 a second electrode which <s the sidewails 12. top wall 13 and/or manifold 23 of the reactor chamber 

Specifically the antenna 30 -s positioned outside and adjacent the dome 17 and the plasma cnamcer 
i6A lor coupling the RF electromagnetic (em) energy mto the source chamber 16A to induce eiectnc !.e.ds 
.n the process gas By Faraday's Uw of induction coupling, the changing B (magnetic) component ol the 
em energy energizes the process gas and thus forms a- plasma in chamber 16 (numeral i6 collectively 

25 designates the chamber iSA and i66 and the plasma) charactenzed by relatively high density and low 
energy ions The plasma is generated m the dome i7 concentrated in the small volume defined withm the 
coil antenna 30. Active species including icns. electrons, free radicals and excited neutrals move down- 
stream toward the wafer by diffusion and by bulk flow due to the prevailing gas flow described herem Also, 
as described in Section 7 an appropriate magnetic field can be used to extract ions and electrons toward 

30 the wafer as described below. Optionally, but preferably, a bias energy input arrangement 4i. FlG. i. 
comprising a source 42 and a bias matching networK 43 couples RF energy to the wafer suppon electrode 
32C for selectively increasing the plasma sheath voltage at the wafer and thus selectively increasing the ion 

energy at the wafer. _ ^ ^ . 

A reflector 45 which essentially is an open-bottom box encloses the antenna at the top and sides but 
OS not at the bottom. The reflector prevents radiation of the RF energy into free space and thereby 
concentrates the radiation and dissipation of the power in the plasma to enhance efficiency, 

As described in detail in Section 7. a Faraday shield 45. FK3. 3, may be positioned just inside, above 
and below the antenna 30 to permit the magnetic field coupling to the plasma but preclude direct eiectnc 
field coupling, which coukJ induce gradients or non-unifom>ities in the plasma, or accelerate charged 

40 particles to high energiea. . «^ « 

As described m Section 8, optionally, one or more electromagnets 78.78 . Fiq. 13. or permanent 
magnets are mounted adjacent the chamber enclosure 1 1 for providing a magnetic field for enhancing the 
density of ttie plasma at the wafer S. for transporting ions to the wafer, or for enhancing plasma uniformity. 
As is described fuUy in Section 4. the invention uses the magnetic component of inductively coupled 
4s eleclrofnagnetlc eneiw. typically at frequencies much tower than microwave 

to induce drcuto- eledric fields inside a vacuum chamber for genefmttng a plasma charactenzed by high 

density and relatively low energy, without coupling potentially damaging high power RF energy through the 
wafer 5 m the prefeciwl. lllustraied downstream plasma source afrangement ttw RF energy « fully 
absorted remote from the wafer, with high plasma density, ensuring that the wave does not propagate to 
M • the wafer and thus minimbing the protjattUty of damage- Selecllvely. and optionally. RF bias energy is 
applied tP the wafer support electrode 32C for increasing the water shealh voltage and. thus, the «n 

energy, as requiied. ^ 

The chamber 11 is capable of processing semi-conductor wafers - deposition andtor etching - ustng 
total chamber pressures of about 1^ x KT' bar to about 8.65 x l(r» bar (about 0.1 ml to about 50 tort). 
S8 and. for etching, typically lJ3x 10-' bar to 2.68x10-* bar (0.1 mT to 200 ml). Our chamber can operate 
at pressures <8.e5 x lO"* bar (< 5 millttorr) and. in fact has nm succassfutty at 2^ x lO"* bar (2 
milHton). However, higher pressures are prefened for certain processes because of ttw ine»eased jumping 
speed and higher flow rates. For example, for oxide etching a prsssure range of about 8.65 x iO-» bar to 
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atXJut 6.65 t 10"' Dar latXDut Srr.T imillitcrr) to accu 50 tT) is orefefred. 

Sucn relaiively high pressures reauire close soicmg oecween the source and the wafer T^e Tarr.cer 
can operate successfully at very su.taole. dose soacing. d. between the wafer 5 and the oottom turn -t -ne 
antenna 30 of at>out 5 centimeters/ 2 inches without chargeuo damage to sensitive devices and -hus" .s 
aole to real.« the advantages, of such very dose spacing: enhanced etch rates and selectivity reduced 
bias voltage requirement and ion energy requirement fw a given etch rate: and enhanced etch unKcrmitv. 
across the wafer. For example, reducing the spacing, a. between the wafer S and the source antenna 30 
from 10 cm.4 m (wnich itself .s dose spacing) to 5 cm,2 m has reduced the voltage requirement oy hatf ana 
has increased the uniformity from about 2.5 percent to about t percent. 

2. H4ULTIPLE GAS INJECTION 



30 



As mentioned, our chamber incorporates multiple gas miection sources Gi. G2. G3. FiG 2 '-r -e 
purpose of iniecting reaction, purge, etc.. gases at d.Herent locations to enhance a oscc-^.a^ c'-c»<^ 
according to the requirements ol that process (etching, deposition, etc.) and the panicuiar maiefaiisi 
in that process. First, the chamoer includes a siandara radial gas distribution system Gi at =ne ceficrery 
the base^bottom of the source region I6B. in a presently preferred configuration, the Gi .n,ec:ion ^vsiem 
comprises a quanz gas d.striouticn r.ng 51 at the bottom of the .source. and a penpheral annular man.icic 52 
defining a distnbution channel woich feeds gas to the nng. The nng has mward taong radial (icies '=3-53 
and. preferably, stepped smtered ceramic porous gas diftuser plugs 54-54 inserted m me hoies to CfPvent 
hollow cathode discharge. 

The second gas injection arrangement. G2. comprises a grounded or floating or biased dome loo oiate 
17T of material such as anodized aluminum having a center gas mlet hole 56 filled w.th a porous --eram.c 
diffuser disk 57. 

The third gas injection source. G3. compnses a ring-shaped gas inlet man.fofd 53 mourned at -he 
periphery of the wafer 5 (or a gas .ntet incorporated into the clamp nng (not shown) used to held ihe «afer 
in position against the support pedestal). 

^3'"P'®- Etching Silicon Oxide Over Polysilicon Using Polymer-Enhanced Se lectivity 

As alluded to above, various types of gases selected from etchant and deposition species passivation 
species, diluent gases, etc.. can be supplied to the chamber via one or more of the sources Gi through G3 
to satisfy the requirements of particular etch and deposition processes and materials. For example the 
present indtiCtive source antenna 30 provides a very high density plasma and is very effectiv in 
dissoaating the gases in the dome sourca region ISA of the chamber. As a consequence, when a poiym r- 
forrning speaes is supplied to the dome via Gi. or G2, the highly dissociated species may coat the .ntenor 
of ttie dome at the expense of coating the polysilicon and/or tnay be so fiilly dissociated that n does not 
adhere to the polysilicon suHace which is to be protecthwly coated. A solutian is to inlet etchant soeci s 
such as CaFs or CF« into the source region 16A via Gi or 02 or via Gi and G2. and supply a oc.y-er- 
forming species such as CH,F or CHF, via inlet 03. to form a polymer preferentially on the poiy ..tr,oot 
destructive dissociation. i^ r 

^^P**' Etching Sificon Oxide Over Polysilicon Using Silicon-Containing Gas Chemistry 

^Bacause of Ihe Ngh dissociation of the gases in the source region, fluorine-containing gas« • ven 
Vno99 m wMch the fhiorine is tied up with carton) typically produce free ftuorine which etches silicon and 
thus, reduces the etch selectivity for oxide. When high selectivity is nquin6, a silicon<ontain.ng aoctive 
gas can be in;ectad to lie up the free fluorine and diminish its silcon etching. The etchant gas M me 
alicoo-containino addit^e gas can be introduced separately via Gi and 02 or can be introducwa as « 
fnbrtufe via 01 andAy 02. Suitable fluorine-consuming siflcon-co o tai n i n g addHhie gases include «M«ie 
(SJHi ). TEOS. diethyisiiane and siBcon tetrafkjoride (SJFt ). 

TTie fluorine<onsumino and poiymer^omting addHive gases can be used together m the same process 
to jointly enhance etch seiedivity. 

« Exampie: Smcon Oxide Deposition 

Deposition laie is enhanced by supplying the oxygen-containing species and a diluent such as O, a.id 
Afa via 01 and/or 02 and supplying a siiicon<»ntaining gas such as SIH*. via 03. 



so 
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3. DIFFERENTIAL PUMPING 

FIG 3 depicts an alternative vacuum pumo.ng configurauon. In addition to the vacuum pump,ng system 
2, wn,cn ,s connected to cr near the bottom of the chamber, a vacuum pump 39 .s connected v.a i.ne 38 to 

= re <ccrce reQ.on-i6A .ns.de the dome .7. The «ow rates of the pump.ng systems 39 and 21 are se.ec:«3 

■ so they generate venically across the source reg.on i68 a pressure differential. ^Pp. which (t) opposes the 
. .ransoort of uncharged particles from the source .6A to the wafer 5. yet (2) is of lesser magnitude .nan :he 
•orce P, exened by the b.as voltage on charged particles such as electrons and .ons. As a conseouence -J 
AP, uncharged part.ces such as rad.cais ao not -each ,he wafer 5. but rather flow preoom.nantiv cut :ne 

0 TO "acuum connection 38 As a conseouence d ^y.. >iP,. charged electrons and ,ons liow =reccn.nan ty 
,o th. processing reg.cn, Th.s approach .s useful, ccv.ous.y where -t .s des.red to seiecl.vely <eec -accs 
cut not ions out of the water processing ,eg.on That s.tuat.on occurs, for e^amole. (D Our.ng etch.rc -r.c. 
.si^s polymer.lorm.ng gas chemistry, cut po.ymers are termed m the source region wh.cr adhere :c 
chamoer s.dewa.ls ana.or do not adhere wen to the des.red wafer surlace and/or (2) wr,en fluorine -ac..... 

5 are iormed <n the source region. 

4 RF PO WER. TOP AND BIAS SOURCES 
1 ) Too or Antenna Source 

' Referring to FIG 1 preferably, ihe operating frequency of the RF power supply 3i tor the too source 20 
IS selected to provide a dense plasma, to minimize damage to sensttwe devices and to prov.de effcent 
.nduct-ve coupling of the RF ppwer to the plasma Specifically, the upper frequency of the operating ran<;e 
,s limited to minimize -current-induced- damage. The lower limit of the operating frequency is selected or 

2^ etficency of RF power coupling to the plasma. PreferaWy. LF/VHF (low frequency to very high freouencv) 
AC iwer withtn the range about lOO KHz to lOO MHz ,s used. More preferably. LF/HF (low Ireouency :o 
■ high frequency) power wi.h.n the range lOO KHz to lO MHz is used. Most preferably. MF <mec.um 
frequency) power w.th.n the range 300 KHz to 3 MHz is used. 

30 2) Bottom or Bias Source 

The AC power supply 42 for the wafer support cathode 32C. capacitively couples RF power to :he 
plasma, thereby effecting control of various factors including cathode sheath voltage and ion energy^ wh.ch 
are controlled independ«n of the plasma density control effected by the Ngh frequency power. The p.as 

35 frequency is selected to achieve a number of objectives. Rrst the upper frequency '«'"rtJJ«'«<^ ° 
pr^nToirrent^nduced chanje-«p damage to sensitive devices. A tower »requen<2^.s selected .n part to 
preclude voltage4nduc«l damage. Lower frequency bias also yields ^^^^-^^ ^ ^iTn^ h^nJ^ 
bias power (less heating) of substrates and contributes less to plasma densrty arvd^us, artords bene^ 
indeZlent control of ion density and energy. However, a too tow bias frequency altows tons to follow me 

-0 RF component of the wafer sheath electric fieW. thereby modulating ion energ.es. The result would be a 
higher ^^average energy ratio and wKier (peak-to^^) ton energy ^''^^^l^.^J;^ 
fr2,uency causes insulatton charge^p. inhibiting ion-induced processes dunng part of the b,as frequency 

"^""wi have discovered that conveniently, the above considerations can be satisfied using b<as frequency 
45 ranoes which correspond to the source frequency ranges. That Is, prrtaraWy the bi^ 
ranoTabout 100 KHz to about 100 MHz (LF/VHF frequencies^ 

^ is within the range about 100 KHz to about 10 MHZ (LF/HF Irwocy). Most preferably, the 
frequency of the bias power is within the range 300 KHz to 3 MHz (MF frwndea). 

so 3). ComWnad OperaHoo d Top and B>as Sourcaa 

A or^feowl feature d the Invwifton is to automatfcaUly vary the bottom a 

supply 42 to maintain a constant cathode (wafer) sheath voltage. Al tow praasuvs (<S00 mt) in a highly 

asymmetric system, the OC bias measured at the cathode 32C is a <*«jW«»^ SH?^ 
65 shLtfh voltage. Bottom pow*r can be automatically varied to maintawt a constartOCb^^ 

power has very WtJe effect on plasma density and ton current density. Top or ««»;]2VPf*^ 

Song «ect on ptaama deoaity and on current density, but very small dl^«a^ 

Tlierefbre. it is desirwJ to uae top power to define plaama and ton cunant densrtlea, and bottom power to 
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define cathoa sMeatM voltage. 

Because the radio frequency of itie source 3t armng the antenna 30 is nonetheless mucn :cwer :nan 
the frequenci s used in microwave or microwave-ECB aoplications. the optional smaller magnets operated 
at lower DC current by less expensive power supplies can be used, with associated smaller heat !oaos. in 
addition, as is obvious from the above discussion, coaxial cable such as 3iC can be used instead of wave 
guides, in addition, the plasma non-unilormities caused by the E x 8 electron dritt m other magnetic- 
enhanced or assisted systems are absent here, because the aopiied magnetic fields ^both the magnetic 
component of the HF field applied via the antenna 30 and any static magnetic field aop«ied by magnets 3i) 
are sutDStaniially parallel to the electric field at the cathode. Thus, there is no E x 8 anfi m tne system 

A magnetic shunt path formed with a high permeability material may be used to aiicw a 8 field n :ne 
source (upper chamber I6A) but not at the wafer 

Optionally, permanent or electromagnets may be placed m a multi-polar arrangement arouno the c^er 
chamber 16B. typically m an alternating pole norih-south-nonh-south north-south arrangem.eni. 'c ^e'^e'Ste 
a multi-cusp magnetic mirror at the source and/or chamber walls The magnets may be venicai car 
magnets or preferably horizontal nng magnets, for example. Such magnets may be used to reduce eiec.rcn 
losses to the walls, thus entrancing plasma density and uniformity, without suOiecting the waler lo n^agreuc 
fields. 

4) Combination and Synchronism of RF Sources 

As indicated above, the preferred frequency of operation of the top or antenna RF source and the 
preferred frequency of operation of the bottom or bias RF source both fall conveniently into the same range 
One optional configuration approach is to combine these two RF sources into one single source, instead of 
using two separate sources. More generally, the possibilities are to supply ail three RF signals (including RF 
bias to the third or top electrode) from a single source, or to use one source for the antenna and bonom 
bias and a second source for the third electrode, or to use three separate sources. To the extent that 
separate sources are used, additional considerations are whether the separate RF signals should be equal 
in frequency and. if so. whether they should be locked in some desired phase relationship. Preliminary 
study indicates that the answers to these questions depend primarily on the selected frequencies of 
operation. If a single frequency can be conveniently chosen for two or three of the RF sources, and if the 
frequency is unlikely to be changed for different processes for which the system is used, then a single RF 
source is the k>gical choice. If different frequencies are needed for the sources, based on the considerations 
discussed in subparagraphs 1-3 above, or if, the frequencies may need to be changed for use in different 
processes, then separate RF sources will be needed. In the case where there are separate sources and the 
sanne frequency is selected, phase tocking is an issue. For example, the sources may be synchronized 
such that the phase angle between the RF voltage input to the antenna and the RF voltage input to the 
bottom or wafer electrode is maintained at a constant value that is chosen to optimize process repeatability. 
At higher frequencies, such as above about 10 MHz, operation appears to be independent of phase or 
frequency locking. 

5. ANTENNA TUNE AND LOAD 

1) Tuning 

Typically, the antenna 30 is tuned to resonance by (1) varying the frequency of the generator 31 to 
resonate with the antenruu or (2) a separata resonating element . connected to the antenna for tuning to 
resonance. For example, this tuning element can be a variabia tnductanc»-to-ground or a variable 
capacftance-to^round. 

Please note, inductive and capacttive tuning decreases the resonant frequency. As a consequence, it is 
desirabto to buiU the system to the highest desirable resonant frequency to accommodate the decrease in 
reeonarrt frequency when using capacHarm a inductance turning vartabl^ 

Automatic tuning Is prefecred and may be executed by using an impedance phaseAnagnrtude detector 
to drive the tune/toad variables. See FIG. 16 and Section 9. AHematively. a raflected power bridge or VSWR 
bridge may be used to drive both tune and k>ad variables, but iteratton is required. 

2) Loading 



Conducthfe, capacttive or inductee k>ad means L can be used to match the source antenna 30 to the 
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impedance of i^e RF generator 3' and the connecting coaxial cable 3iC For example, a tap or wioer may 
be ohmically contaaed to tne antenna close to or at the 50 ohm or 300 ohm or other generator cutcut 
impedance location along the antenna. Alternatively, a vanabie inductance or a variable capacitance may be 
connected to the generator output impedance point 50 on me antenna. 

5 

3). Tune and Load Circuits 

Referring to FIGS 4 lo 9. preferabty. tune means T is provided which is integral to the source antenna 
30 to tune the source to resonance. Also, integral load means L is provided to match the mcut tmcedance 
'0 of the source antenna 30 to the output impedance of the associated power generator 3^ ^cr transmission 
iine 31 C) Referring to FiG. 4. m one aspect, the tune means T is a variable capacitance wnich s e'ectr caHv 
connected between one end of the antenna 30 and RF ground. 

As Shown .n FIG. 5. m another aspect the load means L may be a vanabie caoacttance *rir- :c 
electrically connected between one end of the antenna and RF ground. Also, the load means mav c-e a 
'5 vanabie position tap 60 which applies RF input power to the antenna. See FiG. 6. 

In a preferred combination shown in FIG. 7. the tune means T ts a vanabie capacitance wnic.*^ 
electrically connected oetween one end of the antenna 30 and RF ground ana the load means L is another 
variable capacitance which is electrically connected between the other end of the antenna and RF ground 
In this arrangement, the RF input power can be applied to the antenna via a tap, that is. by a tap 60 applied 
20 along the antenna or at either end thereof. See FiG. 8. Alternatively, the RF power input connection 66 can 
be positioned at substantially the connection between the load variable capacitance L and the ena of the 
antenna 30. as shown m FIG^ 9. 

6. SOURCE BIAS PROCESS CONTROL 

The invention also incorporates the discovery that the etch rate of materials such as silicon dioxide «s 
increased and the etch selectivity of silicon dioxide relative lo materials such as silicon is increased by 
using a sufficiently high bias voltage to provide a hi^n silicon dioxide etch rate and periodically puismg the 
bias voltage to a low value. 

1) Pulse/Modulated Bias-Enhanced Etch Rate and selectivity 

Referring to FIG. 10. typically the etch rates of materials such as silicon dioxide. SiO?. increase wtth the 
bias voltage. Thus, increasing the bias voltage increases the etch rate of the oxide. Unfortunately, however, 
3S the etch rates of associated materials in the integrated circuit structure such as silicon/polysilicon also 
increase with the bias voltage. Thus, the use of a bias voltage of sufficient magnitude to provide a very htgh 
silicon dioxide etch rate also effects a silicon etch rate wtiich (although somewhat lower than the oxide etch 
rate) is undesirably high and reduces selectivity. Quite obviously, when etching silicon dioxide it is highly 
desirable to have the high oxide etch rate ctiaracteristic of high DC bias voltaiges. Vh, combined with the 
40 relatively low silicon etch rate characteristic of low DC bias voltages, Vt, and. thus, high oxide selectivity. 

Referring to DC bias voltage wave form 70 in FIG. 1 1, the seemingly contradictory goals expressed in 
the previous paragraph of combining the Vi, and V| characteristics are, in fact achieved in poiymer-formmg 
etch processes (those processes which form an etchsuppressant polymer on materials such as silicon) by 
using a high base line DC bias voltage. V^, and periodically pulsing or modulating the voltage to a low 
45 value. Vi. Vt is at or below the crossover pointA/oltage 68, FK3. 10, between silicon etching and silicon 
deposition, yet is at a above the oxide crossover pointNottage 69. As a result a protective polymer is 
deposited on the siiicon to suppress etching thereof during retwi to the high rate etch voltage. Vh, but no or 
insuffident deposition occurs on the oxide to signfficantly suppress the etchir^g of the oxide at Vh. 
Preferably. V| is characterized by deposition on the poly, but at least slight etching of the oxide. In a 
60 presently preferred embodiment the values of the paran^eters; Withe Wgh DC Was voltage). V, (the low DC 
bias voltage). Pw (the puise width of the low voltage. V|), and P^p (the pulse rapetltlon rate ot combined 
width of the low voltage and the high voltage pulses) are, raspectfveiy, -400 V. -225 V. about 0.1 seconds, 
and about 1 second. 

55 2) Dual Frequency Bias 




An aitemative appn>ach is depicted by DC bias voltage wave form 71 in RG. 12. A relatively k>w 
frequency voltage variation Is superimposed on the basic bias voltage frequency. For xample. a slow 



